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Introduction
Equine herpes virus type 1 (EHV-1) is the most important viral cause of equine abortion, both because it is relatively common and because of its potential for epizootic spread, particularly within naïve populations [1, 2, 3, 4] . Under natural conditions, EHV-1 abortion rarely occurs before four months of gestation: 95 % of diagnosed EHV-1 abortions occur in the last third of pregnancy and 75 to 80 % between eight and 10 months of gestation [2] . The reported incubation time varies between nine and 121 days and abortion typically occurs without any premonitory signs [2, 4, 5] . Mare factors associated with susceptibility to EHV-1 abortion are largely undefined, but previous reports have suggested that primiparous mares and Lipizzaners are at higher risk [6, 7] . In Thoroughbred mares, age and reproductive status (maiden, barren or foaling) influence the likelihood of pregnancy loss [8] and, although associations between breeds and EHV-1 or infectious abortion in general are difficult to prove, abortion rates of up to 87% during an EHV-1 abortion epizootic have been reported [9, 10, 11] .
Following abortion, EHV-1 is cleared from the genital tract, and future breeding capacity is not impaired unless reproductive tract damage has occurred as a result of dystocia [4, 12] . Premature placental separation (PPS) is reported in 1.6 % of all foaling's [13] , but the likelihood is thought to be higher in the case of EHV-1 abortion or still-birth [4, 14, 15] . The post-abortion incidence of retained fetal membranes (RFM), one of the most common post-partum complications in mares, is reported to be greater than after normal foaling [16] ; indeed, a 66.6% rate of RFM in mares that aborted due to EHV-1 was recently reported [15] . On the other hand, no increase in the incidence of post-abortion complications was evident during an extensive abortion epizootic involving unvaccinated Thoroughbred mares [10] .
In this study we retrospectively analyzed the relationships between epidemiological factors and reproductive outcomes following EHV-1 abortion epizootics on two separate Thoroughbred farms in South Africa. The two epizootics featured divergent environmental and management factors and outbreak interventions. The aim was to improve the understanding of infectious abortion epizootics in horses in order to enhance future prevention and management strategies.
Materials and methods

Background and study design
Aspects of the epidemiology and post-abortion reproductive outcomes in Thoroughbred broodmares were analyzed retrospectively for two temporallyunrelated EHV-1 abortion epizootics on farms in geographically separated areas of South Africa. The paddock sizes and stocking density were similar on both farms.
Prior to the epizootics, neither of the farms vaccinated broodmares against EHV-1. Following the first abortion on 10 th May (D0), the affected mare was moved to an isolated quarantine paddock for three weeks while the in-contact mares were subdivided into smaller groups that were separated geographically to limit the risks of further spread while awaiting the outcome of diagnostic tests. The fetus and associated membranes were immediately sealed in plastic drums to prevent environmental contamination and removed for diagnostic sampling and disposal. A second abortion occurred on D39, one day prior to receiving confirmation that the cases was provided by a duplex qPCR assay for EHV-1 and EHV-4 that employed previously described primers and probes [17] , and immunostaining of both fetal tissue and membrane samples.
The rapid etiological diagnosis enabled the farm's management to justify the immediate institution of specific EHV-1 outbreak-control measures aimed at isolating the focus of infection, interrupting virus transmission and reducing the susceptibility of high-risk late-gestation mares [3, 18] . This response was based around a number of key decisions. The first was to vaccinate all pregnant broodmares with an inactivated EHV-vaccine (Pneumabort-K+1B) a and to re-vaccinate at two-month intervals until foaling. In addition, the mares were sub-divided, within each paddock, into groups of four to six using electrical tape barriers and maintaining a distance of > 20 m between each enclosed area while ensuring that the groups still had visual and auditory contact until the mares either foaled or aborted. This manner of separation aimed to balance the risks of virus transmission between mares, particularly at the time of foaling or abortion, against additional separation stress that could otherwise conceivably induce viral recrudescence or lead to abortion for other reasons. Nightwatchmen maintained constant observation and removed aborting or foaling mares immediately. After delivery, the mares were placed in a quarantine area for three weeks prior to relocation to the farms' barren mare groups at a considerable distance from pregnant mares. After an abortion, in-contact group-mates were immediately relocated to another electrically-fenced enclosure > 20 m away, precluding direct contact with fetal fluids and reducing the risk of respiratory spread via aerosol [5] .
The aborted fetus and fetal membranes were immediately sealed in plastic drums and removed for diagnostic sampling and disposal. An EHV-1-appropriate biosecurity protocol was applied concurrently [3] . The fetus and associated membranes were examined by the farms' veterinarian, and tissue samples were obtained during a standardized autopsy protocol and submitted for laboratory diagnosis as outlined above. EHV-1 and EHV-4 virus isolates grown on equine lung cells were used as positive controls, and pyrogen-free water as negative control.
Molecular characterization of viruses
Reproductive outcomes
The reproductive outcomes recorded in all aborting mares, whether abortion was due to EHV-1 (both farms) or other causes (farm 2 only) were compared to those of the other resident broodmares, both during and following the epizootics. Subsequent to the epizootic-affected seasons, both farms vaccinated all pregnant mares with Pneumabort-K+1B a at two-monthly intervals, commencing at five months of gestation and continuing until foaling.
Assignment of mares to the EHV-1 abortion cohort was based on a positive diagnosis via immunostaining (farm 1), or both immunostaining and qPCR assay (farm 2) on fetal and fetal membrane samples. Mares aborting due to other causes in the seasons when EHV-1 abortions were reported were classified as non-EHV-1 abortion mares. The sum of these two constituted the "total aborting mares" cohort. 
Data analysis
The data sources were the broodmare records maintained by the respective farms' manager and veterinarian. Data was analysed using SigmaPlot V11 e software. Basic descriptive statistics and between-groups Mann-Whitney Rank Sum Tests were conducted. For all analyses, P<0.05 was considered to indicate a statistically significant difference.
Results
Epidemiological data
Farm 1: The initiating events for the first abortion were undefined, but most likely resulted from EHV-1 reactivation in the first aborting mare [19] . Alternatively, because recrudescence and secondary reinfection within a group are difficult to differentiate, the first abortion may have occurred subsequent to horizontal respiratory exposure from an asymptomatic-paddock mate that underwent subclinical viral recrudescence in response to an unknown stressor [20, 21] . In either case, after the first abortion, group exposure must have occurred as a result of high virus loads within the aborted fetus, fluids and membranes [21] . At least two additional mares must have been infected at, or before, this first abortion because, even though this initial group was subdivided almost immediately, abortions were subsequently recorded in two of three resultant sub-groups. 
Molecular characterization of viruses
Retrospectively, both epizootics were confirmed to be associated with abortogenic EHV-1 virus, with the ORF 30 sequence characterized by the G 2254 genotype for all cases [15] .
Reproductive outcomes
The reproductive outcomes in the pregnant mare cohorts are summarized in Tables   1 and 2 . On farm 1, there were no recorded cases of non-EHV-1 abortion, PPS or aborted. These abortions included 18 due to EHV-1 and 25 that resulted from other causes. There were significant differences in both the median age (P = 0.001) and gestational stage (P = 0.044) between mares that aborted due to EHV-1 and those that aborted for other reasons. Specifically, EHV-1 abortions were, on average, recorded in younger mares at a later stage of gestation than non-EHV-1 abortions.
The cause of non-EHV-1 abortions was diagnosed in 10 of 25 (40.0 %) cases, and included six (24.0 %) ascribed to ascending placentitis, two (8.0 %) to twinning, and The overall diagnostic rate for all abortions was high, at 65.1%. On farm 1, one mare died acutely as a consequence of a uterine prolapse that presented a few hours after abortion and, on farm 2, one non-EHV-1 abortion mare was euthanized as a result of a rectal prolapse following abortion due to placentitis. Retained fetal membranes were more commonly reported in mares that aborted for reasons other than EHV-1 ( Table 2 ). The frequency of PPS in the current study was 7.3% (21 incidents) which was markedly higher than the historical average of 5.3 events per year during the previous three seasons from a similar number of foaling mares at the same farms (data not shown).
Discussion
There are conflicting reports in the literature with regard to the contribution of both age and parity of the mare to the subsequent risk of EHV-1-associated abortion [6, 7] . In the current study, the EHV-1-affected mares in both epizootics were relatively young and evenly distributed over reproductive status categories, thereby partially supporting a previous report of an association of EHV-1 abortion with primiparity [7] , but opposing the suggesting of an association with older mares [6] .
The variations in epidemiology and outcome between the two South African epizootics described in this report, even though they affected demographicallysimilar mare populations, may have been a result of a critical host-factor difference, namely gestational stage at exposure. The outcome may have been further biased, independently or as a co-dependent, by differences in management interventions on the respective farms, including allocation of mares into groups on the basis of gestation stage and the history of introducing high-risk animals on farm 2. On farm 1, the gestation stage at EHV-1 abortion was markedly earlier and the incubation, interabortion intervals and epizootic duration were greater than on farm 2 or in previous reports of epizootics affecting similar-sized groups of unvaccinated late-gestation Thoroughbreds or mares of other breeds [6, 10] . The long interval between presumed exposure and abortion on farm 1 is difficult to explain but may in part have been associated with initial exposure at an early gestational stage less susceptible to immediate abortion, or to viral factors such as abortogenic potential [22] . The previously reported difficulty in recognizing reactivation followed by horizontal spread, because of the absence of obvious clinical signs [20] was also supported.
On farm 2, the occurrence of the abortions in a temporal cluster was similar to an Australian Thoroughbred epizootic affecting unvaccinated mares managed on extensive pastures [10] . The abortion rate in the Australian epizootic was, however, much higher. The availability of PCR-based diagnosis for farm 2 allowed a markedly shorter interval to definitive diagnosis, and thereby enabled rapid implementation of an intervention response specific to EHV-1. This justified management decisions that carried significant economic, resource and manpower implications, including the vaccination, constant observation and subdivision of approximately 300 pregnant broodmares. It is tempting to speculate that availability of a validated rapid PCR test was critical in limiting the duration and relative impact of the EHV-1 abortion epizootic on farm 2. An additional difference was the decision to immediately vaccinate all pregnant broodmares. Vaccination in the face of an outbreak had no apparent adverse response, in contrast to anecdotal reports during neurotropic EHV-1 epizootics, and may have helped to limit the spread and extent of the epizootic.
Continuous observation of the mares with immediate separation of any aborting or foaling mare and subdivision of affected groups in situ by electric tapes almost certainly limited subsequent exposure via fetus, membranes and fluids [5, 22] . The traditional scheduling of broodmare sales in the winter months (coincident with advanced gestation) was highlighted as a risk-factor in Thoroughbreds. A key riskmitigation strategy would be strict separation of newly-acquired mares from the resident population until after foaling.
The overall abortion rates for the epizootic-associated years were, respectively, within (farm 2) or markedly higher than (farm 1), the reported ranges for Thoroughbreds in South Africa and other countries [2, 23] . The marked differences between the two outbreaks in duration and abortion patterns may have been biased by differences in the outbreak responses which in turn may have been affected by the interval to confirmation of EHV-1. The speed with which the diagnosis was confirmed was a product of the availability (farm 2), or absence (farm 1), of a specific diagnostic qPCR test.
Mares that aborted due to EHV-1 were both significantly younger and aborted significantly later and over a narrower range of gestation than mares that aborted due to other causes. This was probably a product of a number of factors including the general increase in the frequency of abortion with increasing age [24] , but also to the range of both infectious and non-infectious aetiologies that could have caused the non-EHV-1 abortions [2, 25] .
Both the overall success of diagnosing the apparent cause of abortion and the relatively-high representation of placentitis among the positive diagnoses were similar to other reports [2, 25] . The diagnostic rate was however; appreciably lower than reports that considered non-EHV-1 abortions alone. Moreover, the predilection of placentitis for older mares [26] may have contributed to the higher mean age among the non-EHV-1 abortion cohort.
EHV-1 did not noticeably affect the incidence of RFM, which was similar to that in normal post-foaling mares; this contrasts to a recent report [15] . There was however an increased incidence of RFM in mares that aborted due to causes other than EHV-1, which supported an earlier report of an elevated risk of RFM in aborting mares [16] . PPS was reported in association with both "normal foaling" and non-EHV-1 abortions, whereas in contrast to previous reports [14, 19, 27 ] EHV-1 was not associated with PPS. Both farms reported a single mare fatality associated with abortion, one uterine prolapse (EHV-1) and one rectal prolapse (subsequent to placentitis), respectively.
A previously-reported outcomes-based analysis of the post-epizootic reproductive performance on these two farms demonstrated that abortion due to EHV-1 (or due to any other cause) did not predict the pregnancy or foaling rates among the affected mare populations during the subsequent breeding season [12] .
Conclusions
This study recorded several novel features, and confirmed some previous associations, of EHV-1 abortion in unvaccinated mare populations, and indicated intervention strategies that may affect the spread of infection. The following preventative and response measures appeared to help: i) subdivide into the smallest practicable groups early in gestation, ii) avoid additions to late-pregnant mare groups, and maintain newly-acquired late-pregnant mares as separate groups until after foaling, iii) investigate all abortions and prioritize EHV-1 diagnosis, iv) rapidly implement EHV-1-appropriate biosecurity measures until an aetiological diagnosis is obtained (availability of a rapid diagnostic test facilitates compliance with these measures), v) submit appropriate samples for molecular diagnostics (including fetal tissues and membrane samples), vi) if the index abortion occurs in a large group of mares, subdivide as soon as possible to reduce the number of mares exposed to horizontal transmission by any subsequent abortions; vii) minimize separationassociated stress by maintaining group-mates within "sight and sound' of aborting mares, and vii) institute preventative vaccination in all at-risk pregnant mares. 
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